Abstract Arabidopsis thaliana, the first plant for which the entire genome sequence is available, was also among the first plant species from which Hsp100 proteins were characterized. The Athsp101 complementary DNA (cDNA) corresponds to the gene identification At1g74310 in the Arabidopsis genome sequence. Analysis of the genome revealed 7 additional proteins that are variably homologous with At1g74310 throughout the entire amino acid sequence and significant similarities or identities in the signature sequences conserved among Hsp100 proteins. Although AtHsp101 is cytoplasmic, 5 of the 7 related proteins have predicted plastidial localization signals. This complete description of the AtHsp100 family sets the stage for future research on expression and function.
THE Hsp100/Clp CHAPERONE FAMILY
The Hsp100 family of proteins has a wide distribution in both prokaryotes and eukaryotes (Singla et al 1998a; Katiyar-Agarwal et al 2001) . Members of the Hsp100 family were described first as components of the 2-subunit bacterial Clp protease system (Gottesman et al 1990) . The large-subunit ClpA represents an adenosine triphosphate (ATP)-dependent unfoldase, whereas the small-subunit ClpP is the protease. ClpA alone has no proteolytic activity, but it is able to prevent target proteins from aggregation. Interestingly, many ClpA-related proteins were characterized in bacteria and eukaryotes as stress-induced proteins, and hence, they are summarized as members of the Hsp100 family (Schirmer et al 1996; Gottesman et al 1997) .
A proteolytic subunit (ClpP) is only found in bacteria associated mainly or exclusively with ClpA protein, whereas in eukaryotes, only the large subunit with chaperone function is observed. A peculiarity of the Hsp100 chaperones is their capability to promote dissociation of aggregated proteins in an ATP-dependent manner (Parsell et al 1994) . Several researchers showed that Hsp104 protein is required for induced thermotolerance in yeast and that homologues of the yeast Hsp104 are induced during heat stress in Escherichia coli and HeLa cells (Sanchez and Lindquist 1990; Parsell et al 1991) .
GENERAL STRUCTURE OF Hsp100/Clp PROTEINS
Based on the presence of 1 or 2 ATP-binding domains, Hsp100 proteins were divided into 2 major classes (Schirmer et al 1996) : class I (Hsp100 types A-D) contains 2 ATP-binding domains and class II (Hsp100 types M, N, X, and Y) contains only 1 ATP-binding domain. The length of the polypeptides varies between 75 and 100 kDa because of the size of the nonconserved spacers between the 2 domains and additional sequences at the C-and Nterminus. Functionally active Hsp100 proteins form hexamers with 12 molecules of ATP bound to it.
Hsp100 proteins are composed of 5 specific domains: (1) amino (N)--terminal domain, (2) nucleotide-binding domain (NBD) 1, (3) middle domain, (4) NBD2, and (5) carboxyl (C)-terminal domain (Fig 1) . The conserved sequences within each domain (signature sequences) as defined by Schirmer et al (1996) 3. Signature sequence II and signature sequence III in the middle domain. 4. Walker A and Walker B sequences in NBD2. 5. Signature sequence IV and V in the C-terminal domain. Grover (1993, 1994) noted that heat stress in rice cells caused accumulation of an approximately 100-kDa protein that cross-reacted with antibodies raised against yeast Hsp104. Subsequently, Hsp100 proteins have been detected and characterized from a range of plant species (Katiyar-Agarwal et al 2001) . The results from Southern analyses suggest that the size of the plant hsp100 gene family varies, with a single copy detected in Arabidopsis (Schirmer et al 1994) , rice (M. Agarwal et al, in preparation), and maize (Nieto-Sotelo et al 1999) and multiple copies observed in soybean (Lee at al 1994) , tobacco, and wheat (D. R. Gallie, in preparation). To date, cDNAs encoding hsp100 have been isolated from Arabidopsis, soybean, tobacco, rice, maize, and wheat (Lee et al 1994; Schirmer et al 1994; Wells et al 1998; Nieto-Sotelo et al 1999; M. Agarwal et al, in preparation) . Hsp100 expression is induced during heat stress of Arabidopsis (Schirmer et al 1994) , soybean (Lee at al 1994) , rice (Pareek et al 1995, M. Agarwal et al, in preparation) , maize (Nieto-Sotelo et al 1999; T. E. Young et al, in preparation), tobacco, and wheat (D. R. Gallie, in preparation). The expression of Hsp100 is developmentally regulated in plants (Queitsch et al 2000) . Singla et al (1998b) noted high levels of this protein in mature seeds of several plant species and localized it to the embryonal portion of the seeds in rice. In nonstressed maize, Hsp101 is expressed to a high level in the tassel at the premeiosis stage, the ear (including silks), and the developing endosperm and embryo (T. E. Young et al, in preparation).
Hsp100 IN PLANTS

THE ARABIDOPSIS Hsp100 FAMILY
The recent completion of the Arabidopsis genome sequence (The Arabidopsis Genome Initiative 2000) led us to search how many open reading frames (ORFs) are significantly homologous to the AtHsp101 (gene At1g74310) that was Predictions for the intracellular localization were derived from the MIPS database. Since the reliability of the predictions for plastidial localization by the TargetP program may be low, eg, for the proteins encoded by At3g48870 and At5g57710 with reliability class 4 and 5, respectively, it cannot be excluded that mitochondrial members may be contained in this group. first reported by Schirmer et al (1994) . Our analysis of the MIPS database (//mips.gsf.de/proj/thal/db/search frame.html) shows that there are 7 other ORFs encoded by At4g14670, At5g15450, At2g25140, At5g50920, At3g48870, At5g51070, and At5g57710 variably homologous to At1g74310 over their entire length. The extent of identity of these members with respect to At1g74310 is as follows: 70% (At4g14670), 50% (At5g15450), 49% (At2g25140), 41% (At5g50920), 41% (At3g48870), 38% (At5g51070), and 21% (At5g57710). The closest homologue of At1g74310 protein in the present analysis turned out to be the At4g14670 protein. Hong and Vierling (2000) have reported earlier that a protein of 92.7 kDa (accession number D71409) is 74% identical to AtHsp101 (ie, At1g74310). Note that the ORF with identification At4g14670 is only 668 amino acids long, whereas the protein sequence deduced by Hong and Vierling (2000) has 831 amino acid residues. Both sequences are identical up to position 659; we assume that the truncated form in the MIPS database is the result of a sequencing error creating a frame shift, including a stop codon. Hence, we have included the ORF of D71409 under identification At4g14670 in our Figures 1 and 4 and Table 1 .
For the 8 proteins that are Hsp100 orthologs, the predicted features, such as molecular weight, isoelectric points, ORF length, subcellular localization of these proteins, and genomic organization, are compiled in Table 1 . The comparative structural properties of these Hsp100 members, including the predicted positions of the introns, are presented in Figure 1 . The relationship of these members in the form of an evolutionary tree is shown in Figure 2 .
The intracellular localization of the different AtHsp100 proteins was predicted using the details given in the MIPS database. The protein encoded by At5g15450 has a predicted plastidial targeting sequence of 67 amino acids. Sequence alignments of the signature sequences present in NBD1 and spacer domain of Arabidopsis Hsp100 and related protein members. The consensus sequences described by Schirmer et al (1996) are indicated at the top of the boxes. Large case letters represent the corresponding amino acid residues in the 1-letter code; x is any amino acid residue, whereas h stands for any of the hydrophobic amino acid residues, ie, isoleucine, leucine, valine, methionine, phenylalanine, or tyrosine. Note that in some cases these consensus motifs do not reflect the reality of the Arabidopsis Hsp100 proteins (see examples of signature sequence II and Walker B motif in NBD2).
In contrast, At1g74310 appears to be cytosolic because it lacks any distinctive targeting sequence. Interestingly, another protein (encoded by At2g25140) has 82% identity to the Phaseolus lunatus plastidial Hsp100 (Keeler et al 2000) but lacked a predicted plastidial targeting sequence. The protein corresponding to At5g50920 has also a predicted plastidial targeting sequence of 35 amino acids. The protein encoded by At3g48870 was significantly homologous to ClpC proteins (Nakabayashi et al 1999) , representing one type of the regulatory subunits of the Clp family, whereas the protein encoded by At5g51070 is closely related to Erd1, ie, to the group of ClpA/B subunits. Both proteins have predicted plastidial targeting sequences. Finally, the protein with the least similarity to Hsp101 is encoded by At5g57710 and has a predicted plastidial targeting sequence of 85 amino acids.
Critical for the assignment of an ORF to the Hsp100 family is the conservation of Hsp100 signature sequences, which have been defined by Schirmer et al (1996) on the basis of sequence comparison of members of the Hsp100 family from diverse organisms. Among these signature sequences are so-called Walker boxes, originally identified by Walker et al (1982) for ATP-binding proteins. We find that the NBD1 Walker A and Walker B2 sequences are highly conserved for all 8 members of the Arabidopsis Hsp100 family (Fig 3) . The same is true for the NBD1 Walker B1 sequence with the exception of the first amino acid residue, which is a lysine in At1g74310, At4g14670, At5g15450, and At2g25140, glutamic acid in At5g50920 and At3g48870, and serine in At5g51070. Although At1g74310, At4g14670, At5g15450, and At2g25140 encoded proteins contain the middle domain signature II sequence (with some deviations from the consensus sequence), this signature sequence is lacking in the proteins encoded by At5g50920, At3g48870, and At5g51070. The middle domain signature III sequence is found in all members, albeit with some deviations from the consensus sequence (Fig 3) . The Walker A and B sequences of the NBD2 domain are also well conserved (Fig 4) , except for protein encoded by At4g14670 with a truncated NBD2 Walker B sequence. The C-terminal domain signature sequences IV and V are present in all proteins of the Arabidopsis Hsp100 family (Fig 4) . Protein encoded by At5g57710 has only the NBD2 Walker B sequence.
Database searches revealed the presence of expressed sequence tags (ESTs) for the different Athsp100 members (Table 2) . Four ESTs were found for At1g74310, including 2 from developing seeds, 1 from the mixed library, and 1 from the untreated rosette tissue. The presence of ESTs from these tissues is expected, considering that AtHsp100 is known to be developmentally regulated with constitutive expression in seeds. No EST was found for At1g14670, which has been reported to encode a heat stress-inducible protein . The lack of EST is not surprising, since heat stress plants were 
Expressed sequence tag (EST) libraries from dbEST database of National Center for Biotechnology Information were searched. ID, identification; ϩ, 1 EST; ϩϩ, 2 ESTs; ϩ (n), more than 2 ESTs found for a given homologue. The EST libraries indicated at the top are as follows: URS, untreated rosette tissue; DS, developing seeds; MX, mixed library; GSI, green siliques; URT, untreated roots; LFP, leaves of flowering plant; AG, above-ground organs; SH, seedlings hypocotyl; GST, green shoots; SS, salt stress; and FB, flower buds.
not used for the construction of EST libraries available in the databases.
The only member of the Arabidopsis Hsp100 family, whose expression in response to heat stress is essential for thermotolerance, is the At1g74310 encoded Hsp101 Vierling 2000, 2001; Queitsch et al 2000) . In addition to this, there are 7 other proteins significantly homologous to the At1g74310 encoded protein. Because selected portions of the Arabidopsis genome represent duplication events (Vision et al 2000) , it is possible that some of the genes revealed in this study might represent such duplication events that subsequently underwent divergence. It is important to establish how far the structurally divergent members are functionally similar and which genes are expressed under normal growth conditions and/or under heat stress conditions. Considerable insight into the range of the functional roles of Hsp100 and related proteins will be gained by mutational or reverse genetic approaches.
Finally, our BLAST searches revealed other ORFs that were somewhat homologous to the 8 members of the AtHsp100 family. They were not included into our considerations: (1) Five high-molecular-weight proteins encoded by At3g52490, At4g30350, At2g29970, At1g07200, and At2g40130 exhibit similarity to At1g74310 with respect to N-terminal plus NBD1 and NBD2 domains. (2) Six high-molecular-weight proteins encoded by At4g29920, At5g57130, At4g28000, At1g64110, At3g15120, and At5g47040 exhibit similarity to At1g74310 in limited portions of N-terminal, NBD1, or NBD2. (3) Six low-molecular-weight proteins encoded by At2g25030, At3g45450, At2g25040, At3g24530, At1g24290, and At1g50140 exhibit similarity to At1g74310 protein in small regions only. Some of these proteins have primitive signature sequences too. However, it is premature to define these proteins as members of the Hsp100 family, because their overall similarity in amino acid sequence is low and they lack many of the characteristic signature sequences.
